1. Introduction {#s0005}
===============

One in nine, of all humanity, is suffering from hunger with the majority resident in developing countries [@b0005]. Interestingly, the world is producing enough food to feed all its inhabitants with per capita food availability of 2640 kcal/person/day [@b0010]. The kind of nutrients contained in these foods are as important as the quantity produced. These nutrients are generally classified as either Type I or Type II depending on the effect of the deficiency on the body. Type I nutrients are required for specific metabolic (cellular and molecular) functions in the body rather than the general metabolism. As a result, a deficiency of Type I nutrient normally results in specific physical signs on the individual; they are not obvious but 'hidden' hence 'hidden hunger'. Type II or 'growth' nutrient is required for normal tissue and body development, and deficiency will lead to a reduced overall growth commonly referred to as protein-energy malnutrition in children [@b0015]. Micronutrient malnutrition or hidden hunger of public health concern globally are vitamin A deficiency, Iron deficiency anaemia and iodine deficiency disorder. The underlying cause of this hidden hunger is poverty with sub-segments in poor dietary intake, impaired absorption of the nutrients by the body due to diseases and unhealthy feeding practices. Globally, more than two billion individuals, or one in three people, are being afflicted by micronutrient deficiencies [@b0005].

The Millennium Development Goals ended in 2015. Goal number 1 of the eight goals targeted eradicating poverty and hunger by the year 2015. This includes the provision of food adequate in calories, protein and micronutrients (vitamins and minerals). A total of 72 developing countries out of 129 (less than 60%) reached the Millennium Development Goal's overall hunger target [@b0005]. Indeed, progress was made, yet a lot remains to be achieved. The UN has again come up with a lofty seventeen sustainable development goals of which the first two is to banish poverty and ensure zero hunger by the year 2030 [@b0020].

Over 250 million children are vitamin A deficient with the highest prevalence in Central and West Africa and South Central Asia [@b0025]. Vitamin A must be ingested in the diet as it cannot be synthesized *de novo* by mammals. Vitamin A deficiency is prevalent because more than one billion people living in the developing countries depend on starchy foods such as maize, sweet potato, cassava and rice as staples. Unfortunately, consumption of such staples over a long period has negative effect on mostly pregnant women and children under the age of five. Supplementation, fortification and diversification of diets have been applied to alleviate the problem, albeit with little success. The pressure on household income will not permit to utilize commercially available supplements or fortified food products with costs beyond the reach of myriads of low-income earners in the developing countries. Also, there are lots of constraints to the supplementation and fortification programme of various governments that rendered them less effective with huge financial implications [@b0030]. This leaves biofortification, the development of micronutrient-dense staple crops, as the viable alternative to achieve this goal.

In this review, the biosynthesis of carotenoid is discussed along with some of the economically important crops that have been biofortified by conventional breeding and genetic engineering for increased carotenoid content. The perception and challenges of these technologies in solving the problem of hidden hunger and ensuring food security in the developing world are highlighted along with some measures required by the policy makers to make food security a reality.

2. Carotenoids and food sources {#s0010}
===============================

Carotenoids are tetraterpenoid pigmented compounds synthesized by plants. The inability of human to synthesize the compound is the main reason why consumption of fruits and vegetables is essential in their diet [@b0035], [@b0040]. Carotenoids are classified into two groups: carotenes (non-oxygenated molecules) and xanthophylls (oxygenated molecules) ([Fig. 1](#f0005){ref-type="fig"}). Although over 600 forms of carotenoids have been identified, the bulk of the carotenoids in the diet are represented by β-carotene, α-carotene, lycopene, lutein and β-cryptoxanthin [@b0045]. The provitamin A carotenoids comprising of β-carotene, α-carotene and β-cryptoxanthin can be converted to retinol (vitamin A) within the body. They are found mostly in fruits with yellow and orange colours such as mangoes, papaya, carrots, sweet potatoes and corn in varying concentrations [@b0040]. Among the provitamin A carotenoid, β-carotene produces twice the vitamin A that is usually got from α-carotene and β-cryptoxanthin. On the other hand, no vitamin A activity is present in lutein, zeaxanthin and lycopene but they are of great importance nutritionally. Dark green vegetables such as spinach, broccoli, green collard and pumpkin are the major sources of lutein. Lycopene (lacking the β-ring end in the provitamin A carotenoids) is responsible for the bright red colour pigment found in tomatoes, watermelon, guava and red bell pepper. Several factors affect the bioavailability of carotenoids in the body including genetics, disease conditions, food matrix types and amounts. Carotenoids in oil droplet are more bioavailable in the body compared to the microcrystalline forms as in the case of lycopene in tomato and β-carotene in carrot [@b0050].Fig. 1The carotenoid biosynthesis pathway found in almost all plants. GGDP, Geranylgeranyl diphosphate is derived from the plastidial MEP (methylerythritol 4-phosphate) pathway; PSY, Phytoene synthase; PDS, Phytoene desaturase; ZDS, z-carotene desaturase; CRITSO, Carotenoid isomerase; LCY-b, Lycopene β-cyclase; LCY-e, Lycopene ε-cyclase; CHY1 and CHY2, non-heme β-carotene hydroxylases; CYP97A and CYP97C, heme-containing cytochrome P450 carotene hydroxylases; ZEP, Zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NXS, Neoxanthin synthase; CrtB, CrtI, CrtY and CrtZ are multifunctional enzymes in bacteria catalyzing the steps covered by the broken arrows respectively; All the enzymes in upper cases and italics are functional in plant; \*carotenoids with provitamin A activity.

3. Functions of carotenoids {#s0015}
===========================

Carotenoids in fruits and vegetables have been reported to be responsible for a number of health benefits conferred on human [@b0035]. Fruits and vegetables rich in carotenoids and other phytochemicals have also been found to play a major role in preventing chronic diseases [@b0035], [@b0055]. Particularly, increased lycopene intake has been reported to reduce prostate cancer progression [@b0035] while lower lycopene level has been associated with increased cardiovascular diseases which were corrected when subjects were fed tomato juice [@b0045].

The antioxidant properties of carotenoids have been used to tackle "the silent killer"-hypertension. The symptom of the disease is difficult to identify at the onset, it only become identifiable at an advanced stage when it is fatal. Lycopene has been reported to have a protective role against hypertension [@b0045], [@b0060]. A diet approach, containing lycopene and other carotenoids alongside polyphenols and flavanols, has been recommended for the management of hypertension [@b0065].

Xerophthalmia, Bitot's spots, and corneal ulcerations and lesions are disease conditions of the eyes that arise from the deficiency of vitamin A. The presence of provitamin A carotenoid in the diet prevents the manifestation of xerophthalmia. Zeaxanthin and lutein are the main xanthophylls in higher plants and they are the two major carotenoids found in the perifoveal and foveal regions of the retina macular where they scavenge free radicals and protect the macular from light-induced damage [@b0035], [@b0070]. The macula of the eye absorbs dietary lutein and protects the retina from blue light thus maintaining optimal vision function [@b0075]. Age-related macular degeneration (AMD) is one of the major causes of vision loss among the aged. Even though meta-analysis data showed that dietary lutein and zeaxanthin is not significantly associated with a reduced risk of early AMD, an increase in the intake of the duo may be protective against late AMD [@b0080].

4. Biosynthesis of carotenoids {#s0020}
==============================

Carotenoids can be synthesized *de novo* in plants. The biosynthesis in the plastid begins with isopentenyl pyrophosphate (IPP) synthesized through the cytosolic Mevalonic (MVA) pathway or plastidic non-MVA dependent methylerythritol 4-phosphate (MEP) pathway [@b0085], [@b0090]. Four molecules of IPP undergo several condensation reactions to form geranylgeranyl diphosphate (GGDP) through the action of IPP isomerase. Two molecules of GGDP acted upon by phytoene synthase (PSY or CrtB in bacteria) condense to form a 15-*cis* isomer of phytoene (15-*cis*-phytoene) which is the first dedicated compound in the carotenoid biosynthesis pathway ([Fig. 1](#f0005){ref-type="fig"}). The biosynthesis entails three main steps viz: desaturation, isomerisation and cyclisation. Phytoene desaturase (PDS) and zeta carotene desaturase (ZDS) are the two plant desaturases performing dehydrogenation reaction on the colourless 15-*cis*-phytoene. PDS is responsible for the desaturation of phytoene to zeta-carotene while ZDS catalyses the desaturation of zeta carotene to the red-coloured lycopene. Phytoene in higher plants exists in the 15-*cis* isomer form; however, the predominant form of lycopene is all-*trans* [@b0095]. Carotenoid (pro-lycopene) isomerases (CrtISO), capable of isomerizing cis bonds at 7, 9 and 7′, 9′ positions, are responsible for the conversion of the poly *cis*-compounds to their all-*trans* forms. This is the place of isomerisation in the pathway. In bacteria, the desaturation and isomerisation reactions are performed by only one enzyme -- bacterial *CrtI*. Cyclisation is very important in the pathway as it generates carotenoids diversity distinguished by the different cyclic end groups. Lycopene ε-cyclase (LCY-e) and lycopene β-cyclase (LCY-b) competitively act on the substrate lycopene to form either α-carotene or β-carotene [@b0100]. LCY-e is capable of catalyzing the reaction by introducing two β-rings into lycopene to form β-carotene via δ-carotene. However, when LCY-e acts alone it cyclises only one end of lycopene to forms only the monocyclic δ-carotene, but in conjunction with LCY-b, α-carotene is formed. Downstream of the carotenes pathway is the oxygenated carotenoids (xanthophylls). The β-carotene and α-carotene are hydroxylated by non-heme carotene hydroxylases (CHY1 and CHY2) and heme-containing cytochrome P450 carotene hydroxylases (CYP97A and CYP97C). Hydroxylation of β-carotene forms zeaxanthin via the provitamin A β-cryptoxanthin. However, with α-carotene, zeinoxanthin is formed which when acted upon by cytochrome P450 enzyme forms the yellowish xanthophyll lutein. Violaxanthin and 9-*cis*-neoxanthin are other xanthophylls in the pathway. In the xanthophylls cycle, the activity of zeaxanthin epoxidase (ZDE) on zeaxanthin leads to the formation of violaxanthin which can be converted back to zeaxanthin by violaxanthin deepoxidase (VDE). Neoxanthin is produced from violaxanthin by neoxanthin synthase (NXS) which has been cloned from tomato [@b0105].

5. Increasing the micro-nutrient content of plants {#s0025}
==================================================

The bulk of staples consumed worldwide are deficient in carotenoids and many essential minerals [@b0110], [@b0115]. The occurrence of several diet-related diseases in human led to efforts in developing foods that are laden with micronutrients and vitamins essential for healthy living. Biofortification, which is the development of micronutrient-dense staple crops, can either be carried out through modern biotechnology (genetic engineering) or conventional plant breeding technique ([Fig. 2](#f0010){ref-type="fig"}) [@b0120], [@b0125], [@b0040]. Conventional techniques require the selection of sexually compatible plants that carry hypermorphic alleles (i.e. encoding the required genes for active form of carotenogenic enzymes or the promoter that can enhance the quantity of the enzymes) to be crossed and backcrossed over a long period of time to achieve the desired trait [@b0130]. Marker assisted selection and mutagenesis are often deployed for effective conventional breeding ([Fig. 2](#f0010){ref-type="fig"}). In most of the crops, conventional breeding is able to provide significant provitamin A activity; but with crops like rice, potato and wheat, the conventional method is still insufficient [@b0040]. Genetic engineering has the advantage of introducing novel genes under the control of a strong promoter into the desired plant to alter the metabolism through overexpression of enzyme that catalyses the committed steps in the pathway, enhanced activity of enzymes in the rate limiting steps or enhancement of accumulation of target metabolites [@b0135], [@b0140], [@b0145]. Antisense and RNAi techniques are also frequently used to decrease metabolic flux downstream of a target compound or on a competing metabolic branch as in the case of potato [@b0150]. In other cases, attempts have been made to increase the metabolic sink where carotenoid is accumulated and also post-harvest stability of carotenoids [@b0040]. Biofortification is currently being used to increase the content of micronutrients in many staple crops. [Table 1](#t0005){ref-type="table"} shows some staple crops that have been engineered for increased carotenoids.Fig. 2The interconnectivity of conventional breeding and genetic engineering in the development of crops with enhanced micronutrients.Table 1Various crops engineered for increased carotenoid contents.CropGenes Engineered (origin)Total Carotenoid (FI[\#](#tblfn1){ref-type="table-fn"})β-Carotene (FI[\#](#tblfn1){ref-type="table-fn"})Other Carotenoids (FI[\#](#tblfn1){ref-type="table-fn"})ReferencesRicecrtI (*Erwinia uredovora*), PSY and LYC-b (Daffodil)1.6 μg/g1.6 μg/g[\*](#tblfn2){ref-type="table-fn"}[@b0165]crtI (*Erwinia uredovora*), PSY (*Zea mays*)36.7 μg/g31 μg/gα-Carotene, β-cryptoxanthin[@b0135]  PotatocrtB, crtI and crtY (*Erwinia herbicola*) driven by\
tuber-specific patatain 1 and 35S constitutive promoters114.4 μg/g (20)47.4 μg/g (3643)Lutein (23), Zeaxanthin (5.8), violaxanthin (7.9), Neoxanthin (9.5)[@b0140]Silencing of CHY1 and CHY2 (BCH of *Solanum tuberosum*)14.26 μg/g (2.9)0.085 μg/g (38)Violaxanthin (2), Neoxanthin (3.2), Lutein (3.7)[@b0150]  MaizeLYCB (*Gentiana lutea*), crtI (*Pantoea ananatis*) and PSYI (*Zea mays*) driven by rice prolamin, pea small subunit of Rubisco and low molecular weight wheat glutenin promoters respectively148.78 μg/g (135)48.87 μg/g (349)Lutein (24), Zeaxanthin (127), Lycopene[@b0310]crtB and crtI (*Pantoea ananatis*)33.6 μg/g (34)9.8 μg/g (10)Lutein (22), Zeaxanthin (9)[@b0305]  Tomatopsy1 (tomato)2276.7 μg/g (1.14)819 μg/g (1.4)Lutein (1.2)[@b0380]crt1 (*Erwinia uredovora*)1372 μg/g[\*\*](#tblfn3){ref-type="table-fn"}520 μg/g (1.9)Lutein (2.3), a-carotene[@b0180]crtB (*Erwinia uredovora*)5918 μg/g (2)825 μg/g (2.2)Lycopene (1.8)[@b0190]  CassavaBacterial PSY; crtB (*Pantoea ananatis*) driven by\
Cassava CP1 promoter21.84 μg/g (33.6)6.67 μg/g (16)Xanthophylls (8)[@b0110][^1][^2][^3]

6. Engineering carotenoids in staple crops {#s0030}
==========================================

6.1. Rice {#s0035}
---------

The α- and β-carotenes which are provitamin A have been engineered into many food crops because the composition is very low (if present) in many developing countries' staples [@b0130], [@b0040]. More than half of the world population eat rice as a staple [@b0155] thus making rice prominently among the various crops that have been genetically engineered for increased carotenoids. Provitamin A and other carotenoids are grossly lacking in rice. Phytoene synthase (PSY) is a rate-limiting enzyme in carotenoid biosynthesis, and varying its expression or activity alters flux through the pathway [@b0160]. The PSY coding sequence obtained by RT-PCR has been cloned by transferring it into pUC-based vector containing maize polyubiquitin promoter and discussed in detail [@b0135]. When PSY from daffodil (*Narcissus pseudonarcissus*) was engineered into rice, it led to an increase in the phytoene content only. However, in combination with phytoene desaturase/isomerase from *Erwinia uredovora* (*crtI*), there were increases in β-carotene, α-carotene, lutein and zeaxanthin, raising carotenoid contents to 1.6 μg/g in the rice endosperm [@b0165] with slight golden colour hence the name 'Golden rice'. This amount of carotenoid is far low compared to the daily requirement. The opponents of biotechnology in plants called it "fool's gold" as three kilograms must be consumed by a two-year old to get the amount required to prevent night blindness [@b0170]. PSY from maize in combination with carotene desaturase (*crtI*) from *E. uredovora* were engineered to produce 'Golden rice 2' ([Fig. 3](#f0015){ref-type="fig"}) having 37 mg/g of carotenoid (of which 84% was β-carotene). This is about 23-fold increase in β-carotene content over the initial golden rice [@b0135]. This amount is able to meet the recommended dietary allowance for children under the age of three (300 μg vitamin A) when 60--80 g of the rice is consumed. The Golden rice is currently deposited with the Golden Rice Humanitarian Board (<http://www.goldenrice.org/>). Conventional breeding technique has not been successful in increasing the β-carotene content in the endosperm of rice because there is no germplasm capable of synthesizing carotenoid in the endosperm.Fig. 3Enhancement of carotenoid content of rice endosperm. Wild-type rice (a); Golden Rice 1, expressing the phytoene synthase from daffodil (*Narcissus pseudonarcissus*) along with *Erwinia uredovora crtI* gene (b); Golden Rice 2 expressing the phytoene synthase from maize (*Zea mays*) along with *crtI* (c).*Source:* Paine et al. [@b0135].

6.2. Tomato {#s0040}
-----------

Tomato is one of the economically important crops in the world. Pathway engineering and improved sequestration machinery have been used in elevating the level of carotenoids (that are of health benefit to human) in tomato [@b0175]. When the bacterial carotenoid gene (*crtI*) that encodes phytoene desaturase which is principally responsible for the conversion of phytoene to lycopene was engineered into tomato, carotenoid level did not change, lycopene content even decreased but β-carotene content increased by 3-fold [@b0180]. Agrobacterium-mediated transformation of tomato with tomato lycopene β-cyclase cDNA isolated by RT-PCR from Red Setter RNA and cloned under the control of the CaMV 35S promoter resulted in 7-fold increase in β-carotene ([Fig. 4](#f0020){ref-type="fig"}) [@b0185]. With PSY from *E. uredovora* (*crtB*) expressed in tomato in a fruit specific manner, the transgenic tomato fruits had total carotenoid level that was 3-fold of that present in the control while the lycopene and β-carotene were 1.8- and 2.2-fold higher, respectively [@b0180], [@b0190]. In addition to the lycopene and β-carotene that have been the major targets in tomato, effort has also been geared toward increasing the amount of xanthophylls. With the expression of *crtB* there were also increases in the levels of lutein, neoxanthin and zeaxanthin in tomato fruit [@b0180]. Arabidopsis LCY-b and *Capsicum* β-carotene hydroxylase (CHY) under the control of tomato ripening induced promoter (Pds) engineered into tomato resulted in fruits with increased level of zeaxanthin and β-cryptoxanthin [@b0195]. Upregulation of the isoprenoid precursors have also been reported to lead to increase in carotenoid contents of tomato [@b0200].Fig. 4Transversal (a) and longitudinal (b) sections of ripe tomatoes from transgenic (top) expressing tomato lycopene b-cyclase showed all parts having intense orange colour, and control plants (bottom).*Source:* D'Ambrosio et al. [@b0185].

6.3. Potato {#s0045}
-----------

Carotenoids levels are generally low in potatoes when compared to most fruits and vegetables. However, the South American *Solanum phureja* that lacks a dormant tuber had higher level of carotenoids of more than 3-fold compared with the common *S. tuberosum* variety [@b0205]. The open reading frame of *crtB* gene has been cloned in the derivative vector pBIN19 and transformed into LBA4404 strain of *Agrobacterium tumefaciens* by electroporation [@b0205]. Overexpression of this bacterial phytoene synthase gene in potato resulted in increases of about 4- and 7-fold in the carotenoid contents of *S. phureja* and *S. tuberosum* respectively with the major carotenoids being β-carotene, lutein and violaxanthin [@b0205].

Silencing of the two β-carotene hydroxylases in sweet potato preventing the conversion of β-carotene to zeaxanthin resulted in increase of up to 38-fold in β-carotene level and up to 4.5-fold in total carotenoids content of the transgenic tubers [@b0150]. Overexpression of LCY-b gene in potato however was only able to raise the β-carotene content level by 1.9-fold [@b0210]. Multigene engineering used in transgenic potatoes expressing three genes, encoding *crtB*, *crtI* and *crtY* from *Erwinia* ([Fig. 1](#f0005){ref-type="fig"}) under the control of tuber-specific or constitutive promoters, resulted in 3600-fold increase compared to the wild type ([Fig. 5](#f0025){ref-type="fig"}). The β-carotene content of 47 μg/g in the transgenic potato made it the biofortified staple so far with the highest β-carotene content [@b0140]. Other carotenoids downstream in the pathway were also elevated significantly; zeaxanthin (11 μg/g dry weight, a 5.8-fold increase) and lutein (23.1 μg/g, a 23-fold increase). The transgenic potato is able to provide 50% of the Recommended Daily Allowance of vitamin A with the consumption of 250 g fresh weight.Fig. 5Enhancement of carotenoid content of potato. Wild type variety (a) and transgenic varieties (b) expressing *crtY*, *crtB* and *crtI* under the control of *Pat1* and *Pat2* promoters.*Source:* Diretto et al. [@b0140].

When different varieties of potato were transformed by the sense and antisense constructs encoding zeaxanthin epoxidase (ZEP) under the control of potato granule-bound starch promoter the resulting transgenic tubers had zeaxanthin level of over 100-fold and total carotenoid of more than 5-fold compared to the control [@b0215]. This is because the conversion of zeaxanthin to violaxanthin has been suppressed, thus the resultant accumulation of zeaxanthin.

The orange coloured potatoes developed through conventional breeding method have all-*trans*- β-carotene (major provitamin A carotenoid) contents ranging from 108 to 315 μg/g of dry matter with more than 70% retention after processing [@b0220], [@b0225]. These potatoes have been widely accepted in many countries [@b0230]. The South Korean 'Golden Valley' cultivar showed high expression of the first three genes in the carotenoid biosynthesis pathway and this correlates with the total carotenoids within the tubers [@b0235].

6.4. Cassava {#s0050}
------------

Cultivation of cassava requires less human input and it produces more energy per unit area than most other crops [@b0240]. It is the staple for more than 500 million people in Africa where the root is the most consumed part of the plant. Recently, its use in poultry diet has also increased [@b0245]. Over 70% of the total world cassava is produced in five countries -- Nigeria, Brazil, Indonesia, DR Congo and Thailand [@b0250]. Cassava root is laden with cyanogenic glucoside (linamarin) which has to be removed by several food processing operations for it to be safe for human consumption. Cassava meal of about 500 g will meet the energy requirement of an adult but only 10% of the daily provitamin A (β-carotene) requirement with very low and poor quality protein [@b0255], [@b0245]. The BioCassava Plus (BC+) programme under Donald Danforth Plant Science Center, St. Louis, MO, USA has targeted development of transgenic cassava with provitamin A among other nutrients [@b0240]. It has been established that PSY is being overexpressed in the yellow coloured cassava cultivars ([Fig. 6](#f0030){ref-type="fig"}) and this has been linked to the high concentration of carotenoid in the cultivars [@b0110]. The number of PSY genes varies depending on the type of plant. However, two PSYs (PSY1 and PSY2) have been reported to be present in cassava and responsible for the elevated carotenoid contents with PSY2 playing the major role in the root with about ten-fold in expression compared to PSY1 [@b0260]. Between 2005--2010, the BC + programme was able to develop cassava cultivars with improved provitamin A through modern biotechnology [@b0240] and these cassava varieties have been used for field trial in Nigeria. Unfortunately, till date no genetically modified cassava has been released in Africa.Fig. 6Peeled cassava roots showing the white wild type (a) and the transgenic carotenoid-laden variety (b) expressing bacterial PSY (*crtB*) gene.*Source:* Welsch et al. [@b0110].

HarvestPlus, one of the program of Consultative Group for International Agricultural Research (CGIAR) funded by Bill and Melinda Gates, the UK Government, European Commission and the US Government Feed the Future Initaitive, also developed many yellow-fleshed cassava cultivars with elevated provitamin A content through plant breeding (non-genetically modified) and are currently being explored for use by farmers and cassava processors [@b0265], [@b0270], [@b0110], [@b0120], [@b0240], [@b0275], [@b0115]. Welsch et al. [@b0110] showed that single nucleotide polymorphism present in PSY2 was able to enhance flux of carbon through the pathway leading to elevated provitamin A carotenoid in the cassava root after breeding pedigree. Several other crops that have been biofortified by HarvestPlus for high content of provitamin A include maize, banana/plantain, pumpkin, sweet potato and squash, most of which are either already released for use by farmers or under testing in various countries across the globe [@b0265], [@b0280], [@b0115].

6.5. Maize {#s0055}
----------

Some tropical yellow-maize varieties analyzed for carotenoids content showed that the non-provitamin A xanthophylls (lutein and zeaxanthin) are higher in concentration compared to the provitamin A carotenoid (α-carotene, β-carotene and β-cryptoxanthin) and they vary across the varieties [@b0285]. An allelic variation at the Y1 locus that regulates the synthesis of phytoene synthase has been reported along with the polymorphic sites at the Y1 locus that are associated with endosperm colour phenotype [@b0290]. The variation in the provitamin A and non-provitamin A carotenoid of these tropical varieties is a potential for selection of parent lines for breeding and genetic improvement [@b0285], [@b0130]. Four natural lycopene ε-cyclase polymorphisms have been reported in maize and when bred for low lycopene ε-cyclase, there was an increase in the level of β-carotene, lutein and zeaxanthin [@b0295]. Also, Yan et al. [@b0300] showed that three polymorphisms in the gene encoding β-carotene hydroxylase (*crtRBI*) is associated with β-carotene concentration in maize kernels. The *crtRBI* alleles unique to temperate germplasm was introgressed via PCR-assisted marker selection to tropical maize germplasm for use in developing countries [@b0300]. Overexpression of the bacterial *crtB* and *crtI* under the control of endosperm specific promoter 'super γ-zein' resulted in up to 33-fold increase in the total carotenoid content and up to 25-fold increase in provitamin A carotenoid of the maize endosperm ([Fig. 7](#f0035){ref-type="fig"}) and this was reproducible over four generations [@b0305]. The increase in the provitamin A carotenoid was shown to be a result of up-regulation of the endogenous lycopene β-cyclase. The flux through the overexpression is distributed across the entire pathway, making the possibility of not just increasing the β-carotene content but also most of the other downstream carotenoids very high [@b0130]. Similarly, with multigene metabolic engineering, the overexpression of phytoene synthase 1, phytoene desaturase, β-carotene hydroxylase, lycopene β-cyclase and β-carotene ketolase in maize under the control of different endosperm-specific promoters resulted in transgenic maize with enhanced carotenoid content of more than 130-fold compared to the white maize with most of the transgenic lines having elevated lycopene, β-carotene and zeaxanthin as the predominant carotenoids [@b0310]. Detailed multi-gene metabolic engineering of other crops had been reviewed [@b0315].Fig. 7Enhancement of carotenoid content of maize. (a) Ears from *crtB/crtI* cotransformants regenerated from callus and crossed with Hi-II (white maize). (b) Wild type (top) and transgenic (bottom) obtained from overexpression of *Zmpsy1*, corn phytoene synthase 1 and *PacrtI*, *Pantoea ananatis* phytoene desaturase.*Sources:* Aluru et al. [@b0305] and Naqvi et al. [@b0385].

7. Perception and challenges facing genetically biofortified crops {#s0060}
==================================================================

More than 250 million children under the age of six are suffering from vitamin A deficiency and unfortunately about half a million of them become blind each year with more than 200,000 losing their lives after the blindness. Since 1999 till date no scientific fault has been documented relating to the safety of the genetically biofortified golden rice, yet it has not been made available to those who needed it the most. Also, none of the genetically biofortified crops have been released for cultivation or consumption [@b0320]. The 'bureaucratic and unjustified' delay is killing and has deprived more than eight million children of sight since 1999 [@b0325]. Fortification and supplementation of micronutrients in food, that could have delivered similar result as the golden rice, have been used for decades with little success stories. They have been largely hampered by expensive distribution logistics in developing nations and total reliance on interventions from donors [@b0330].

The unfortunate announcement of genetically engineered crops at a time when consumption of meat with bovine spongiform encephalopathy was causing incurable Creutzfeld-Jakob disesase in human across Europe in 1996 led to the pre-emptive regulations before any facts were gathered relating to human health and environment [@b0335]. The controversies notwithstanding, there has been a steady increase in the global land area covered by genetically engineered crop in the past two decades and no reported adverse effects upon those land areas or the health of the inhabitants [@b0340]. Part of the measures to safeguard the human, plant and the environment in the pursuit of genetic engineering is the Precautionary Principle, which can be triggered with full understanding only when threat is identified [@b0345].

Obviously, no technology is pursued without accruing benefits. When tangible benefits are not available however, technologies can be rejected even in the absence of any documented risk [@b0335]. Multifaceted researches (including genetic engineering) to develop drugs are greatly encouraged as the benefit to all is immeasurable. If it is allowed in drugs, the big question then will be, why not in foods? Perhaps because of the absence of compelling benefit. This double standard on 'only genetically modified foods' is against the Precautionary Principle as recommended by the European Commission [@b0345]. Europe is highly food secured compared to most African and Asian countries suffering greatly from food insecurity, thus the urgent need for critical decision on the part of policy makers regarding what will benefit the people [@b0350].

Intellectual Property right relating to agricultural biotechnology has contributed to the growth of the sector. Research-intensive private sector uses Intellectual Property rights to protect their agricultural biotechnology-based products. This is to enable them profit from the huge resources expended on the research. The rise in the number of patents made 'freedom-to-operate' (FTO) opinion indispensable to prevent infringement. FTO is a legal assessment detailing whether a research project or the development of a new product can proceed with a low, or tolerable, likelihood that associated activities will not infringe existing patents or other types of Intellectual Property rights [@b0355]. FTO opinion is vital at the inception of humanitarian projects intended to develop genetically modified crops to forestall wastage of resources. Intellectual property has always been a major hurdle to genetically modified crops, along with public perception and regulatory processes. A study reported that Golden rice is a product of about 70 patented technologies from 30 different institutions [@b0360]. This can be described as the 'tragedy of the anti-common' where, proliferation and fragmentation of Intellectual Properties ownership across multiple owners, prevents any single institution or company from assembling all of the necessary rights to produce a product, thus resulting in the underuse (or non-use) of resources [@b0355]. While Patents and Intellectual properties are intended to encourage investment in research and development, the development of an 'anti-commons' has the opposite effect of blocking innovation and in this case, the at-risk population suffers.

The media and activists greatly influence public opinion on acceptance and willingness-to-pay (the amount the consumers are willing to pay for biofortified crops over the price of the non-biofortified). This ultimately dictates the kind of policies rolled out by the government. In this regard, transparent communication measures revealing both sides of the coin scientifically rather than presumption will play invaluable roles. With positive information, consumers' willingness-to-pay can be as high as 20% [@b0365].

8. Role of government and policy makers in the developing countries {#s0065}
===================================================================

Connecting the perception and challenges together, it is high time policy makers in the developing countries decide appropriately while weighing critically scientific evidences on genetic modification and genetically assisted conventional breeding in providing adequate staple crops with micronutrients for the teaming population. This can be achieved among other measures by:1.Consciously funding agricultural biotechnology by the governments of the various developing countries with short, medium and long term goals will doubtless bring about great return and a leap out of poverty and hunger. The high willingness-to-pay for biofortified staples indicated by the consumers will in no small measure contribute to the economic growth of the countries. The government should therefore set up a unifying mechanism for all the stakeholders across the value chain through various national agricultural policies from crop breeding, cultivation and food processing, to extension services to bring an end to 'hidden' hunger.2.Making clear demarcation between profit-oriented genetically modified crops that benefit the farmers more, and public health-oriented biofortified crops which benefits the consumers. Since biofortified crops will be meeting 'hidden' health needs rather than the obvious, there is the need for purposeful policy/governmental interventions that aim to augment the cost of buying multi-biofortified crops by the target group as these crops may be priced more than the non-biofortified varieties. Subsidized fertilizers for the growers of biofortified crops will facilitate incorporation of the biofortified staples into the various countries nutrition plan to feed vulnerable age groups.3.Providing incentives to attract international private organizations to developing countries can make research and development domiciliary, which may result in the use of the technologies with minimal constraints. Obviously, the private sector cannot single-handedly solve the problem. Some Agencies and Foundations are currently focusing on conventional breeding, genomics applications and genetic-marker-based selection as well as genetic modification. There is the need for strategic communication and strong advocacy on purposeful public--private partnership, where funding and expertise collaborate to find lasting solution to hidden hunger.4.Lending support, at international forums, for relaxed regulatory measures on genetically modified crops targeted to and for developing nations with functional Biosafety regulations to guide the use of genetically biofortified crops. Also, subjecting media reports to scrutiny similar to those of scientific reports will reduce publishing of negative data without verification and deliberate suppression of positive information by omission.

9. Conclusion {#s0070}
=============

While the gene pool of the host and genetic variation is key to conventional plant breeding, genetic modification operates beyond this level with great potential for success. After 20 years since genetically modified crops have been commercialized and subjected to safety tests, no identifiable health issues have been reported. However, the regulatory bottleneck has kept all the energies at the inertia state. Currently, more than 20 million people in developing countries are either cultivating or consuming the conventionally biofortified crops [@b0115]. However, report has shown that transcriptome alteration was lesser in transgenic (genetically modified) than mutagenized (conventional breeding) plants [@b0370]. Without doubt both technologies give ray of hope to those who desperately need the output as this can stop the 6,000 death per day that is currently being experienced due to vitamin A deficiency. Policy makers in the developing countries need to consider the peculiarities of each local community in order to formulate embracing strategies to tackle the menace of vitamin A deficiency. There is need also to explore the new emerging conventional breeding techniques such as cisgenesis and intragenesis [@b0375] which promise faster delivery than what is currently obtained and possibly workable in most of the important staple crops.
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[^1]: Fold increase relative to the wild type.

[^2]: Almost all the carotenoid are in β-carotene form.

[^3]: Total carotenoid did not increase only β-carotene and lutein. Fold increases that were not recorded in the original article were not included.
